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Introduction
Nicotinic acetylcholine receptors (nAChRs) are a family of ligand-gated, pentameric ion channels.
Understanding the precise role of nAChRs has remained a challenge as these can modulate cholinergic activities in the postsynaptic and presynaptic neurons [1] . In humans, there are 16 different subunits (α1-7, α9-10, β1-4, δ, ε, γ) of nAChRs that are found in both the peripheral and the central nervous system [2] [3] [4] . Of these, 12 are associated with a wide spectrum of physiological and pharmacological functions [5] . The main function of nAChRs is to regulate neuronal plasticity [6] and neuroprotection [7, 8] . The most abundant nAChRs subunits in the central nervous system are α4β2 and α7 subunits [6] . Mutations in the transmembrane region of the neuronal α4β2 subunits receptor in the neocortex and thalamus can cause autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) [9] , which is a focal epilepsy in the frontal lobe with attacks typically arising during non-rapid eye movement (NREM) sleep [10] . The α7 subunit is expressed widely in the brain with highest levels in the hippocampus and cortex [11] , and it has been identified to play a role in both cognitive impairment and neuropsychiatric phenotypes [12] [13] [14] [15] .
Our previous studies have indicated that activation of α7 nAChRs could decrease the seizure susceptibility in Chat-Mecp2 -/y mice [16] , but the role of α7 nAChRs in seizure susceptibility in C57BL/6 wildtype mice and humans has remained uncertain. Therefore, in the present study, we explored the role of α7 nAChRs in seizure susceptibility in the wildtype mice and its expression in
human epileptogenic tissue. We reveal that decreased α7 nAChRs activity in CA1 pyramidal neurons in hippocampus increases seizure susceptibility in the wildtype mice, while increased activity of α7 nAChRs has no significant effect on seizure susceptibility. Additionally, we also determined that the expression of α7 nAChRs was downregulated in human tissue that had suffered epilepsy after traumatic brain injury or intracerebral hemorrhage. Our findings suggest that α7 nAChRs may be a regulator of seizure susceptibility.
Materials and Methods
All human experiments were reviewed and approved by the Medical Ethical Committee of Other chemicals purchased were methyllycaconitine citrate (MLA) from Abcam (UK), pilocarpine and PNU282987 from Sigma-Aldrich (USA).
Immunohistochemistry.
Mice were anesthetized and the brain vessel was perfused with 4%
paraformaldehyde, which was dissolved in phosphate-buffered saline (PBS). Whole brains were isolated and fixed in paraformaldehyde at 4°C overnight, and further dehydrated in 30% sucrose dissolved in PBS. According to anatomical landmarks, 35-µm-thick brain sections were cut from the regions of interest on a freezing microtome. The brain sections were treated with 10%
(vol/vol) normal donkey serum in PBS containing 0.3% Triton X-100 for immunolabeling. Then, the brain sections were incubated with anti-α7 nAChRs (1:100) antibody at 4°C overnight. The for 100 min at 300 mA. The membranes were incubated with anti-α7 nAChR primary antibody
(1:100) in 5% skimmed milk, after blocking with TBST solution (50 mM Tris-HCl, pH 7.5, 150
mM NaCl, and 0.1% Tween 20), for 1 h at room temperature. After washing with TBST, the blots were incubated with secondary antibodies (1:7500) for 1 h at room temperature. The signals were detected with enhanced chemiluminescence and were developed on an X-ray film. The immunoblots were digitized on a flatbed scanner and were quantified using the US National
Institute of Health ImageJ program for densitometric quantification.
Surgeries and EEG measurement.
The mice were anesthetized by isoflurane and were secured in a stereotactic head frame. A midline incision was made and 8% H2O2 was used to expose bregma to posterior. The electrode was placed over the cranium with three screws (3 positions: the first screw (left): A-P: +1.5 mm, lateral: +1.5 mm; the second and the third screws:
A-P: -3 mm, lateral: ±3 mm). The cannula (intraventricular drug administration) was placed in the CA1 region of the hippocampus (position (right): A-P: -1.94 mm, lateral: ±1.1 mm depth: -2.0 mm).
The EEGs were recorded in freely moving mice after the surgery for one week. The abnormal wave was defined as the amplitude more than 400 mV.
Pilocarpine-induced seizures and monitoring.
The pilocarpine-induced seizure stages were defined as follows: 1. The onset time, measured as the time from pilocarpine injection to the first from the same group. Diff erences between more than two group were tested with two-way analysis of variance (ANOVA). Diff erences were considered significant if P < 0.05.
Results

α7 nAChR expression in the CA1 pyramidal neurons in hippocampus
The mice expressing channelrhodopsin-2 (ChR2) protein under the control of the choline acetyltransferase (ChAT, a marker for cholinergic neurons) promoter (ChAT-ChR2-EYFP) were used in this research. It has been reported that the hippocampus is the main target for the projection of basal forebrain (BF) cholinergic neurons [18] . To confirm this, we stained hippocampal CA1 stratum pyramidal neurons with NeuN in ChAT-ChR2-EYFP mice (Figure 1a left). We also detected positive cholinergic neurons in the area (Figure 1a middle) . The merged image shows co-expression in the hippocampal CA1 stratum pyramidal neurons (Figure 1a right). The results showed that the presence of cholinergic neurons in the hippocampal CA1 stratum pyramidal neurons. Next, we stained α7 nAChRs in the CA1 stratum pyramidal neurons to the α7 nAChRs saturation. Moreover, we observed that the latency of death was slightly prolonged after administration of PNU282987, but there was no significant difference compared to the vehicle-treated control group (Figure 2d) . However, the onset time, the latency of GTC, and the latency of death were significantly shortened with MLA treatment (Figure 2a-d) . The results indicate that decrease in the activity of α7 nAChRs could increase the seizure susceptibility, but increase in the activity of α7 nAChRs has no effect.
Decreased activity of α7 nAChRs increases the excitability of the CA1 pyramidal neurons in the hippocampus in C57BL/6 wildtype mice
To further demonstrate the effect of α7 nAChRs, we recorded the excitability of CA1 pyramidal neurons by checking the number of action potentials (APs) elicited by current injections of various amplitudes (1 s, 0 to +250 pA) in the cortical slices. All pyramidal neurons showed highfrequency discharges with increasing current. We assessed the eff ect of PNU282987, a selective α7 nAChR agonist, on hippocampal slices from C57BL/6 mice. In contrast to the control group, there was no significant change in the excitability of pyramidal neurons (Figure 3a, b) . However, after bath application of MLA, a specific α7 nAChR blocker, the number of APs was found to be
significantly increased compared with the control group (Figure 3c, d ). Together these results reveal that decrease in the activity of α7 nAChRs could increase the excitability of the CA1 pyramidal neurons in the hippocampus.
Decreased α7 nAChRs expression in human epileptogenic tissue
To further establish the link between the activity of α7 nAChRs and the seizure susceptibility, we assessed the expression of α7 nAChRs in cell membranes by immunoblotting the epileptogenic foci tissue from the subjects with secondary and intractable epilepsy, and the individuals with traumatic brain injury and intracerebral hemorrhage (Figure 4a) . The results showed that the level of α7 nAChRs in epilepsy samples was only about 50% of that in the control group (Figure 4b ).
Discussion
In this study, we have investigated the relationship between the α7 nAChRs activity and the seizure susceptibility. We present evidence that decreased activity of α7 nAChRs could increase the seizure susceptibility in C57BL/6 wildtype mice. First, we proved that cholinergic neurons exist and its subunit receptor-α7 nAChRs express in the CA1 pyramidal neurons. Second, we studied the seizure susceptibility after stimulation and inhibition of the α7 nAChRs. To address this, we used C57BL/6 wildtype mice with pilocarpine-induced seizures as the experimental model. The results showed that the seizure susceptibility between the PNU282987-treated mice and control group has no significant difference, but the MLA-treatment could significantly decrease the seizure susceptibility. Third, the number of APs significantly increased after MLA treatment, however, there was no significant diff erence after infusion of PNU282987 in CA1 pyramidal neurons. Finally, we showed that the expression of α7 nAChRs protein was reduced in the epileptogenic foci tissue from individuals with secondary and intractable epilepsy. In summary, our study establishes that decrease in the α7 nAChRs maybe a risk factor for seizure susceptibility.
It has been reported that α7 nAChRs are widely expressed, with highest expression in the hippocampus and thalamus, but with low levels in the post mortem human brain [19, 20] . The α7 nAChRs have been found to be concentrated on almost all synapses, both presynaptically and postsynaptically, in the CA1 region of the hippocampus [21] . The initial evidence about α7 nAChRs activity in a synapse was found in the rat hippocampal CA1 pyramidal neurons by examining spontaneous activity [22] [23] [24] . It has been reported that loss of α7 nAChRs may play a
pivotal role in cognitive function damage [25] [26] [27] [28] . Previous studies have implicated neuroprotective effects of α7 nAChRs [29] . Our previous studies have shown that activation of α7 nAChR decreased the seizure susceptibility in Chat-Mecp2 -/y mice. So, we hypothesized that α7 nAChR may have a role to play in epilepsy. In the present study, immunofluorescence of hippocampal neurons showed that α7 nAChRs are expressed in pyramidal neurons in the hippocampus. We also revealed that the treatment of MLA to block α7 nAChRs on CA1 pyramidal neurons directly increased the excitability of these neurons. Previous studies have also shown that α7 nAChRs are expressed on GABAergic interneurons in the hippocampus [21] and parvalbumin (PV) interneurons, which project their axons into the peri-somatic region of the target neurons, thus, regulating the output of pyramidal neurons [30] . Therefore, we presumed that the eff ect of α7 nAChRs on pyramidal neuron excitability could be caused by two possibilities: either as excitatory input from PV interneurons to pyramidal neurons, or as direct modulation of α7 nAChRs on the pyramidal neurons. However, further studies are required to substantiate these hypotheses.
Conclusion
Decreased excitability of α7 nAChRs on the CA1 pyramidal neurons in hippocampus led to a high seizure sensitivity in mice. Moreover, the expression of α7 nAChRs was found to be reduced in human epileptogenic tissue. Our findings suggest that downregulation of α7 nAChRs contributes to human epilepsy. However, increasing the activity of α7 nAChRs on the CA1 pyramidal neurons in hippocampus has no significant effect on seizure sensitivity. Overall, the study suggests that α7 nAChRs may be a risk factor of seizure susceptibility.
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